The sustainable development of materials is one of the key targets in the modern era of engineering. These materials are developed by different waste products, following the concept of the circular economy. This study focuses on investigating the properties of concrete using carbon black as a partial replacement of natural fine aggregate at different percentages. Experiments were designed according to the British Standard (BS1881-Part-119) and American Standard (ASTM C-78) by including carbon black in concrete beams to perform as filler material to develop sustainable concrete. In this study, mechanical properties of concrete were targeted by developing beams using different percentages (0%, 25%, 50%, 75%, and 100%) as a replacement of fine aggregates. These beams were tested for flexural strength and, later on, the same beams were cut in the form of cubes, following the equivalent cube test mechanism for the compressive strength test. The waste carbon black lightweight concrete developed in this study was utilized for both structural and non-structural purposes. At 25% and 50% replacement, the strength of lightweight concrete varied from 20-18 MPa, and according to American Concrete Institute (ACI) standards, lightweight concrete at 28 days strength with ≥17 MPa can be used as structural concrete, and the remaining 75% and 100% replacement concrete can be used for non-structural purposes. This study will help in the development of economical eco-friendly sustainable concrete materials.
Introduction
Globally, for development purposes, the material that is utilized the most is concrete [1] . Due to the rapid utilization of concrete, the manufacturing of cement is also expanding every day, which contributes to environmental pollution due to the release of CO 2 [2, 3] . Moreover, the demand for concrete manufacturing ingredients, i.e., cement, sand, and aggregate, is also varying concurrently [4] . On a regular basis, conventional concrete is used for infrastructure development [5] . However, the density of that type of concrete is very high, which contributes to the high self-load for structure [6, 7] . To resist this loading effect, extra measures (i.e., reinforcing) are required to be taken [8] . Because of all these aspects, the consumption of lightweight concrete is expanding day by day [9, 10] . Lightweight concrete is very helpful in minimizing this effect and makes a construction durable and strong due to
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Materials
Basic Material Characteristics
The basic cementitious material used in this research is according to ASTM [57] with Grade 53 of Type-1 cement manufactured by Maple Leaf Pvt. Ltd. The physical and chemical properties of cement are shown in Tables 1 and 2 [58] [59] [60] [61] [62] . The fine aggregate utilized in this research is "Chenab River (sand)" and the maximum size of fine aggregate is 4.75 mm. A coarse aggregate used in this research-"Sakhi Sarwar aggregates"-is composed of mixed limestone (55%) and sandstone (45%). It is well-graded and the maximum size is 20 mm. The physical and gradation curve of these aggregates are shown in Table 2 and Figure 1 [63] [64] [65] [66] [67] [68] [69] .
Carbon Black
Carbon black is an extremely fine, one-dimensionally conductive, and spherical shape material that has a higher surface to volume ratio due to its size. It contains a very small quantity of oxygen while the extent of carbon in carbon black is >98% [41] . Moreover, it can be produced underneath the control environment due to the deficient ignition or thermal decomposition of gaseous or fluid hydrocarbons [3, 41] . The material is usually obtained from waste tires through the help of the pyrolysis technique [46] . The gradation curve at various replacement percentages of sand with carbon black and the physical properties of carbon black is shown in Table 3 and Figure 1 [63, 65] . As the replacement of sand increased, the fineness of fine aggregates decreased, and the gradation curve became gap graded. In this study, the size of most particles was 0.15 and 0.075 mm. 
Mix Design and Preparation of Test Specimens
The utilization of carbon black as a filler material was carried out in this research. Basically, M20 grade was used in this study at a 0.65 w/c ratio. Fine aggregate was replaced with carbon black by volume at numerous percentages. The mix proportion of waste carbon black lightweight concrete is shown in Table 4 . Firstly, the fine and coarse aggregates and cement were mixed for 2 min. After the waste carbon black was added, it was mixed again for 2 min. Then, the required water was added. We mixed until a homogenous and uniform lightweight concrete was formed. For every mix proportion, a fresh concrete test was performed to determine the consistency of concrete according to ASTM C-143 [70] . After successful preparation of a homogenous concrete, the molding of the standard specimen (i.e., 500 mm × 100 mm × 100 mm) was carried out and after 24 h the specimen was demolded and put into a water tank for curing purposes according to ASTM C-192 [71] . For each mix ID, three specimens were cast for 7 days and, relatively, for 28 days. For this purpose, a compaction vibrating table was used. 
The utilization of carbon black as a filler material was carried out in this research. Basically, M20 grade was used in this study at a 0.65 w/c ratio. Fine aggregate was replaced with carbon black by volume at numerous percentages. The mix proportion of waste carbon black lightweight concrete is shown in Table 4 . Firstly, the fine and coarse aggregates and cement were mixed for 2 min. After the waste carbon black was added, it was mixed again for 2 min. Then, the required water was added. We mixed until a homogenous and uniform lightweight concrete was formed. For every mix proportion, a fresh concrete test was performed to determine the consistency of concrete according to ASTM C-143 [70] . After successful preparation of a homogenous concrete, the molding of the standard specimen (i.e., 500 mm × 100 mm × 100 mm) was carried out and after 24 h the specimen was demolded and put into a water tank for curing purposes according to ASTM C-192 [71] . For each mix ID, three specimens were cast for 7 days and, relatively, for 28 days. For this purpose, a compaction vibrating table was used.
Testing Methods
After demolding, the specimens were dried at room temperature at 23 ± 2 • C and then both destructive and non-destructive tests were applied to investigate the behavior of waste carbon black lightweight concrete.
Non-Destructive Testing
In this testing, an ultrasonic pulse velocity test was conducted on a standard specimen to determine the carbon black concrete characteristic and uniformity [72, 73] . For this aim, the MATEST (Italy) brand apparatus of ultrasonic pulse velocity was employed. The equipment consists of two probes with a frequency of 55 kHz, a measuring range of 0-3000 µs ± 0.1 µs, and the coupling agent for a firm connection and better transmission. The test was conducted according to ASTM C-597 [74] and the operational diagram is shown in Figure 2 . 
Testing Methods
After demolding, the specimens were dried at room temperature at 23 ± 2 °C and then both destructive and non-destructive tests were applied to investigate the behavior of waste carbon black lightweight concrete.
Non-Destructive Testing
In this testing, an ultrasonic pulse velocity test was conducted on a standard specimen to determine the carbon black concrete characteristic and uniformity [72, 73] . For this aim, the MATEST (Italy) brand apparatus of ultrasonic pulse velocity was employed. The equipment consists of two probes with a frequency of 55 kHz, a measuring range of 0-3000 µs ± 0.1 µs, and the coupling agent for a firm connection and better transmission. The test was conducted according to ASTM C-597 [74] and the operational diagram is shown in Figure 2 . Firstly, non-destructive testing was applied to every specimen before destructive testing. Then, the waves were passed through each standard specimen. Afterwards, the travel time was noted. Then, with the help of the following equation listed in ASTM C-597 (1) and (2), the velocity (V) and dynamic modulus of elasticity (Ed) were determined and the Poisson's ratio for lightweight concretes was taken (0.28) [17, 75] .
where L = travel path length (m), T = transit (µs), V = pulse velocity (km/s).
(2) µ = Poisson ratio; V = pulse velocity (m/s); ρ =density of concrete (kg/m 3 ); Ed = dynamic modulus of elasticity (GPa).
Destructive Testing
In destructive testing, a compressive and flexural strength test was carried out on specimens to determine their behavior under specific loading. The technique that we applied for the destructive testing on specimens is given below: Firstly, non-destructive testing was applied to every specimen before destructive testing. Then, the waves were passed through each standard specimen. Afterwards, the travel time was noted. Then, with the help of the following equation listed in ASTM C-597 (1) and (2), the velocity (V) and dynamic modulus of elasticity (E d ) were determined and the Poisson's ratio for lightweight concretes was taken (0.28) [17, 75] .
.
(2) µ = Poisson ratio; V = pulse velocity (m/s); ρ =density of concrete (kg/m 3 ); E d = dynamic modulus of elasticity (GPa).
In destructive testing, a compressive and flexural strength test was carried out on specimens to determine their behavior under specific loading. The technique that we applied for the destructive testing on specimens is given below:
Step 1: The third point load flexural strength test was applied on standard prisms (i.e., 500 mm × 100 mm × 100 mm) according to ASTM C-78 [76] , as shown in Figure 3a .
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Step 2: After the flexural strength test, the prism was broken into two pieces and the length of each piece was evaluated with measuring tape, as shown in Figure 3b .
Step 3: After measuring each piece, two pieces of 100 mm × 100 mm × 100 mm cubes were produced by cutting. The mechanism is shown in Figure 3c . Step 4: The completion of compression strength test cutting conducted on standard 100 mm × 100 mm × 100 mm cubes to investigate their strength is shown in Figure 3 (a). For this purpose, the MATEST brand device was utilized at a loading rate of 5 KN/s with a maximum machine capacity of 2000 KN following the ASTM C-39 [77] .
For a better understanding of the results, the flexural strength was computed by using equation
fc' = compressive strength (MPa); fr = flexural strength (MPa).
Results and Discussion
Fresh Concrete Test
To know about the workability of fresh waste carbon black, a concrete slump test was performed on every replacement of fine aggregates. As the replacement increased, the workability values increased, as shown in Table 5 . Step 2: After the flexural strength test, the prism was broken into two pieces and the length of each piece was evaluated with measuring tape, as shown in Figure 3b .
Step 3: After measuring each piece, two pieces of 100 mm × 100 mm × 100 mm cubes were produced by cutting. The mechanism is shown in Figure 3c .
Step 4: The completion of compression strength test cutting conducted on standard 100 mm × 100 mm × 100 mm cubes to investigate their strength is shown in Figure 3 (a). For this purpose, the MATEST brand device was utilized at a loading rate of 5 KN/s with a maximum machine capacity of 2000 KN following the ASTM C-39 [77] .
For a better understanding of the results, the flexural strength was computed by using Equation (3) listed in ACI 318 [78] .
f c ' = compressive strength (MPa); f r = flexural strength (MPa).
Results and Discussion
Fresh Concrete Test
To know about the workability of fresh waste carbon black, a concrete slump test was performed on every replacement of fine aggregates. As the replacement increased, the workability values increased, as shown in Table 5 . It is clearly shown in Table 5 that with the increase in replacement, the workability has increased which results in the decrease of workmanship during the casting of concrete structures. At 100% of carbon black, the workability was also very good, which indicates that the carbon black has not absorbed a lot of water. Therefore, with a lower water/cement ratio, a good workable concrete can be made by utilizing waste carbon black as a filler material.
Density
When the percentage replacement of carbon black increases, the density of concrete decreases due to the lighter weight of carbon black with respect to fine aggregates. The consequence of carbon black replacement on concrete density and weight reduction is shown in Figure 4 . It is clearly shown in Table 5 that with the increase in replacement, the workability has increased which results in the decrease of workmanship during the casting of concrete structures. At 100% of carbon black, the workability was also very good, which indicates that the carbon black has not absorbed a lot of water. Therefore, with a lower water/cement ratio, a good workable concrete can be made by utilizing waste carbon black as a filler material.
When the percentage replacement of carbon black increases, the density of concrete decreases due to the lighter weight of carbon black with respect to fine aggregates. The consequence of carbon black replacement on concrete density and weight reduction is shown in Figure 4 . As shown in the above Figure 4 , as the content of carbon black varies, the weight reduction of concrete is increased up to approximately 16%, and the weight is reduced at 100% replacement. Meanwhile, at 100% replacement, the density is 2050 kg/m 3 . The density of waste carbon black concrete lies in between 2370 kg/m 3 -2050 kg/m 3 . At every 25% replacement of sand with carbon black at about 3.5%, weight is reduced relative to conventional concrete weight.
Non-Destructive Testing
In this research, the ultrasonic pulse velocity test was also used to analyze the waste carbon black concrete quality and their uniformity and presence of voids. The brief result analysis of non-destructive testing is shown in Figure 5 . As shown in the above Figure 4 , as the content of carbon black varies, the weight reduction of concrete is increased up to approximately 16%, and the weight is reduced at 100% replacement. Meanwhile, at 100% replacement, the density is 2050 kg/m 3 . The density of waste carbon black concrete lies in between 2370 kg/m 3 -2050 kg/m 3 . At every 25% replacement of sand with carbon black at about 3.5%, weight is reduced relative to conventional concrete weight.
In this research, the ultrasonic pulse velocity test was also used to analyze the waste carbon black concrete quality and their uniformity and presence of voids. The brief result analysis of non-destructive testing is shown in Figure 5 . The higher the percentage replacement, the lower the value of velocity. At 0% replacement, the value of velocity was 4370 m/s at 28-days curing, and the value of Ed was about 36 GPa. On the other hand, at 100% replacement, the value of velocity was about 2600 m/s and Ed was 11 GPa. The value of the velocity at 28-days curing varied from 4370 m/s-2600 m/s. Meanwhile, the value of the velocity at 7-days curing varied from 4150 m/s-2448 m/s. Furthermore, the Ed value varies from 32 GPa-9 GPa at 7-days curing. For 7-and 28-days curing, the difference between the velocity values at 0% replacement was about 5.25%.
Destructive Testing
The destructive testing results were very helpful to analyze the true behavior of specimens under specific loading. In this research, compression and flexural strength tests were applied to the standard specimen according to the technique discussed above. The destructive testing results at 7and 28-days curing are shown in Figure 6 . The higher the percentage replacement, the lower the value of velocity. At 0% replacement, the value of velocity was 4370 m/s at 28-days curing, and the value of Ed was about 36 GPa. On the other hand, at 100% replacement, the value of velocity was about 2600 m/s and Ed was 11 GPa. The value of the velocity at 28-days curing varied from 4370 m/s-2600 m/s. Meanwhile, the value of the velocity at 7-days curing varied from 4150 m/s-2448 m/s. Furthermore, the Ed value varies from 32 GPa-9 GPa at 7-days curing. For 7-and 28-days curing, the difference between the velocity values at 0% replacement was about 5.25%.
The destructive testing results were very helpful to analyze the true behavior of specimens under specific loading. In this research, compression and flexural strength tests were applied to the standard specimen according to the technique discussed above. The destructive testing results at 7-and 28-days curing are shown in Figure 6 . The higher the percentage replacement, the lower the value of velocity. At 0% replacement, the value of velocity was 4370 m/s at 28-days curing, and the value of Ed was about 36 GPa. On the other hand, at 100% replacement, the value of velocity was about 2600 m/s and Ed was 11 GPa. The value of the velocity at 28-days curing varied from 4370 m/s-2600 m/s. Meanwhile, the value of the velocity at 7-days curing varied from 4150 m/s-2448 m/s. Furthermore, the Ed value varies from 32 GPa-9 GPa at 7-days curing. For 7-and 28-days curing, the difference between the velocity values at 0% replacement was about 5.25%.
The destructive testing results were very helpful to analyze the true behavior of specimens under specific loading. In this research, compression and flexural strength tests were applied to the standard specimen according to the technique discussed above. The destructive testing results at 7and 28-days curing are shown in Figure 6 . At 0% replacement, the value of compressive strength was approximately 13.40 MPa and the flexural strength was about 3 MPa. The graphical analysis shows that percentage replacement and destructive testing results are inversely proportional to each other. As the curing period increased, the results of destructive testings showed more efficient results of waste carbon black lightweight concrete. At 28-days curing, the compressive strength at 0% was approximately 21 MPa and the flexural strength was 3.5 MPa. The percentage difference at 7-and 28-days was only 40% for 0% replacement. As the percentage replacement increased, the value of destructive testing decreased. At 28-days curing, the strength was not much increased at 75% and 100% replacement compared to the 7-days curing results. It indicates that approximately 85% of strength at 75% and 100% replacement was achieved at 7-days curing. The comparison between experimental flexural strength and by using Equation (3) is shown in Table 6 . 
Destructive and Non-Destructive Results
Non-destructive testing (NDT) results are very helpful to investigate the performance of destructive testing (DT) results. NDT properties are observed with the help of ultrasonic pulse velocity and dynamic modulus of elasticity values. However, DT properties are collected by destructive machine-based testing equipments, such as compressive strength testing machines. Figures 7 and 8 show the comparative results of 28-days destructive and non-destructive testing. At 0% replacement, the value of compressive strength was approximately 13.40 MPa and the flexural strength was about 3 MPa. The graphical analysis shows that percentage replacement and destructive testing results are inversely proportional to each other. As the curing period increased, the results of destructive testings showed more efficient results of waste carbon black lightweight concrete. At 28-days curing, the compressive strength at 0% was approximately 21 MPa and the flexural strength was 3.5 MPa. The percentage difference at 7-and 28-days was only 40% for 0% replacement. As the percentage replacement increased, the value of destructive testing decreased. At 28-days curing, the strength was not much increased at 75% and 100% replacement compared to the 7-days curing results. It indicates that approximately 85% of strength at 75% and 100% replacement was achieved at 7-days curing. The comparison between experimental flexural strength and by using Equation (3) is shown in Table 6 . The experimental values are very close to the value computed through the ACI equation. The highest % difference is +9.23 for WCB-50.
Non-destructive testing (NDT) results are very helpful to investigate the performance of destructive testing (DT) results. NDT properties are observed with the help of ultrasonic pulse velocity and dynamic modulus of elasticity values. However, DT properties are collected by destructive machine-based testing equipments, such as compressive strength testing machines. Figures 7 and 8 show the comparative results of 28-days destructive and non-destructive testing.
(a) As the values of velocity increased, the same the values of destructive testing also improved, which indicates a direct relationship among these testing techniques. Moreover, the amount of the dynamic modulus of elasticity varies. Higher velocity values indicate the uniformity and homogeneity of standard specimens. Because fewer voids were present, the values of compressive and flexural strength were high. Meanwhile, the highest value of compressive strength shows the high value of ultrasonic pulse velocity and dynamic modulus of elasticity. Flexural strength also varies simultaneously to compressive strength.
Statistical Analysis
The statistical analysis is very helpful to analyze the variation of testing values that were obtained during the entire testing. For this purpose, the standard deviation and regression analysis was used to investigate the trending of results. The standard deviation for various parameters at 28-days curing is listed in Table 7 . Figure 9 showing the statistical analysis of compressive strength, flexural strength, and ultrasonic pulse velocity at 28-days curing. As the values of velocity increased, the same the values of destructive testing also improved, which indicates a direct relationship among these testing techniques. Moreover, the amount of the dynamic modulus of elasticity varies. Higher velocity values indicate the uniformity and homogeneity of standard specimens. Because fewer voids were present, the values of compressive and flexural strength were high. Meanwhile, the highest value of compressive strength shows the high value of ultrasonic pulse velocity and dynamic modulus of elasticity. Flexural strength also varies simultaneously to compressive strength.
The statistical analysis is very helpful to analyze the variation of testing values that were obtained during the entire testing. For this purpose, the standard deviation and regression analysis was used to investigate the trending of results. The standard deviation for various parameters at 28-days curing is listed in Table 7 . Figure 9 showing the statistical analysis of compressive strength, flexural strength, and ultrasonic pulse velocity at 28-days curing. Figure 9 indicates that the R-Square is 0.70, which demonstrates a satisfactory relationship between ultrasonic pulse velocity and compressive strength at 28-days curing. Furthermore, an exponential equation is proposed for future research. In Figure 10 , the regression analysis is shown, indicating a R-Square of 0.9455, which demonstrates a very good relationship between ultrasonic pulse velocity and % replacement at 28-days curing. Figure 9 indicates that the R-Square is 0.70, which demonstrates a satisfactory relationship between ultrasonic pulse velocity and compressive strength at 28-days curing. Furthermore, an exponential equation is proposed for future research. In Figure 10 , the regression analysis is shown, indicating a R-Square of 0.9455, which demonstrates a very good relationship between ultrasonic pulse velocity and % replacement at 28-days curing. 
Cost Analysis
After the statistical and graphical investigation of waste carbon black lightweight concrete results, the impact of sand replacement with waste carbon black in terms of cost are also shown in Table 8 . Table 8 shows that as the percentage replacement increases, the cost decreases because at 100% replacement of sand, the fine aggregate cost is approximately zero. This is economically very beneficial for the construction industry in order to save a lot of money against the utilization of waste carbon black.
Conclusions
This study focused on the utilization of waste carbon black as filler material for the development of concrete. Moreover, the development of lightweight concrete through the utilization of waste carbon black was very effective. Approximately 16% weight was reduced through the replacement of sand with waste carbon black and, simultaneously, a lot of dead load saving occurred due to the utilization of waste carbon black in concrete. A new technique for the investigation of compressive strength was applied with reference to the equivalent cube test mechanism. The results obtained through this technique were excellent and very helpful for future experimental investigations. Destructive and non-destructive testing, and, later on, statistical analysis were conducted. The performance through the value of the coefficient of determination (R-square) was 0.70 between the ultrasonic pulse velocity and compressive strength results at 28 days of curing condition. Correspondingly, the R-square for % replacement and ultrasonic pulse velocity was 0.94. The waste carbon black-based lightweight concrete developed in this study can be utilized for both structural and non-structural purposes. At 25% and 50% replacement the strength of lightweight concrete varied from 20-18 MPa and, according to ACI lightweight concrete, 
Cost Analysis
Conclusions
This study focused on the utilization of waste carbon black as filler material for the development of concrete. Moreover, the development of lightweight concrete through the utilization of waste carbon black was very effective. Approximately 16% weight was reduced through the replacement of sand with waste carbon black and, simultaneously, a lot of dead load saving occurred due to the utilization of waste carbon black in concrete. A new technique for the investigation of compressive strength was applied with reference to the equivalent cube test mechanism. The results obtained through this technique were excellent and very helpful for future experimental investigations. Destructive and non-destructive testing, and, later on, statistical analysis were conducted. The performance through the value of the coefficient of determination (R-square) was 0.70 between the ultrasonic pulse velocity and compressive strength results at 28 days of curing condition. Correspondingly, the R-square for % replacement and ultrasonic pulse velocity was 0.94. The waste carbon black-based lightweight concrete developed in this study can be utilized for both structural and non-structural purposes. At 25% and 50% replacement the strength of lightweight concrete varied from 20-18 MPa and, according to ACI lightweight concrete, if 28 days strength is ≥ 17 MPa, it can be used as structural concrete [79] . The remaining 75% and 100% replacement concrete can be used for non-structural purposes. This study will help in the development of economical eco-friendly sustainable concrete materials and black carbon waste management.
